Damsgaard C, Storz JF, Hoffmann FG, Fago A. Hemoglobin isoform differentiation and allosteric regulation of oxygen-binding in the turtle, Trachemys scripta. When freshwater turtles acclimatize to winter hibernation, there is a gradual transition from aerobic to anaerobic metabolism, which may require adjustments of blood O2 transport before turtles become anoxic. Here, we report the effects of protons, anionic cofactors, and temperature on the O2-binding properties of isolated hemoglobin (Hb) isoforms, HbA and HbD, in the turtle Trachemys scripta. We determined the primary structures of the constituent subunits of the two Hb isoforms, and we related the measured functional properties to differences in O2 affinity between untreated hemolysates from turtles that were acclimated to normoxia and anoxia. Our data show that HbD has a consistently higher O2 affinity compared with HbA, whereas Bohr and temperature effects, as well as thiol reactivity, are similar. Although sequence data show amino acid substitutions at two known ␤-chain ATP-binding site positions, we find high ATP affinities for both Hb isoforms, suggesting an alternative and stronger binding site for ATP. The high ATP affinities indicate that, although ATP levels decrease in red blood cells of turtles acclimating to anoxia, the O2 affinity would remain largely unchanged, as confirmed by O2-binding measurements of untreated hemolysates from normoxic and anoxic turtles. Thus, the increase in blood-O2 affinity that accompanies winter acclimation is mainly attributable to a decrease in temperature rather than in concentrations of organic phosphates. This is the first extensive study on freshwater turtle Hb isoforms, providing molecular evidence for adaptive changes in O2 transport associated with acclimation to severe hypoxia.
globin; adaptation; hypoxia; allostery FRESHWATER TURTLES ARE AMONG the vertebrates that are most tolerant of severe hypoxia or even anoxia, and they are known to stay submerged for minutes to hours when diving during summer or for even months during winter hibernation (46) . This outstanding ability to tolerate prolonged O 2 deprivation is made possible by the abilities of freshwater turtles to drastically decrease metabolic rate and to tolerate oxidative stress following reoxygenation, as well as to tolerate increased levels of metabolic end-products (4), in particular, lactate and protons from glycolysis (45) , but also free Ca 2ϩ (23) . Before turtles become anoxic during winter submergence, there is a gradual transition from aerobic to anaerobic metabolism (24) , as ambient temperature and metabolic rate decrease, which may, in principle, require adjustments of blood O 2 transport, while animals undergo prolonged diving but still have access to air. In the case of the painted turtle (Chrysemys picta), depression of metabolism results in a gradual decrease in the erythrocytic ATP concentration (28) . Given that ATP is the major organic phosphate in turtle red blood cells (3, 28) and that it serves as the major allosteric regulator of O 2 affinity in the hemoglobins (Hbs) of turtles and most other ectothermic vertebrates (48) , reductions in ATP levels might be expected to gradually induce a left shift of the O 2 -binding curve and decrease O 2 delivery to tissues during the progressive decrease in the O 2 consumption rate (28) . At the same time, the decrease in temperature during winter will have a similar effect on the Hb-O 2 affinity (10, 28) . In principle, erythrocytic responses to hypoxic or anoxic conditions could also involve regulatory adjustments in the relative concentrations of alternative Hb isoforms (isoHbs) that have different O 2 -binding properties.
During postnatal life, turtles coexpress two functionally distinct isoHb tetramers, HbA (␣ A 2 ␤ 2 ) and HbD (␣ D 2 ␤ 2 ) (33, 41) , as do the majority of other sauropsid taxa that have been examined (8, 9, 11, 14, 17, 21, 22, 40) . The HbA isoform incorporates products of the ␣ A -globin gene, and HbD incorporates products of the ␣ D -globin gene. Among birds and reptiles that have been investigated to date, HbD has a consistently higher O 2 affinity than HbA. Given that the ␣ D -globin gene is the duplicated product of an embryonic ␣-like globin gene, the elevated O 2 affinity of HbD may reflect a retained ancestral feature that is characteristic of embryonic Hb (19) .
To understand the coupling between metabolic adjustments and O 2 transport in the freshwater turtle, Trachemys scripta (red-eared slider), we have investigated the O 2 -binding properties of HbA and HbD, their allosteric regulation by protons and anions, and the effect of temperature. We also sequenced the full complement of adult-expressed globin genes in T. scripta to gain insights into the structural basis of the observed functional properties of the HbA and HbD isoforms and the differences between them. The main objectives were 1) to identify factors that may regulate the oxygenation in red blood cells during acclimatization to anoxia, and 2) to characterize the nature of isoHb differentiation.
MATERIALS AND METHODS
Animals and blood samples. Adult red-eared sliders Trachemys scripta with a body mass of 396 Ϯ 68 g (means Ϯ SD) were kept at 21°C in aquaria at the animal care facility at Zoophysiology, Aarhus University, with free access to dry platforms for thermoregulation (25) . To obtain maximal changes in red blood cell allosteric cofactors, we exposed turtles to anoxia using a controlled protocol. In the acclimatization protocol, turtles were exposed to 12°C for 1 wk, and then to 5°C for 2 days followed by 10 days with (normoxia, n ϭ 5) or without (anoxia n ϭ 5) access to air at 5°C. Access to air was denied by keeping the turtles submerged, as described in detail previously (25) . At the conclusion of the acclimation treatment, turtles were euthanized with 1 ml 20% pentobarbital sodium, the plastron was excised with a bone saw, and blood was collected by cardiac (sinus) puncture using a heparinized syringe. Blood was centrifuged at 10,000 g for 2 min, plasma was removed, and packed red blood cells were immediately frozen in liquid nitrogen and stored at Ϫ80°C. Procedures were in accordance with the laws of animal care and experimentation in Denmark, and protocols were approved by the Animal Experimentation Board.
Preparation and analysis of hemolysate by isoelectrofocusing. An approximately five-fold volume of ice-cold 10 mM HEPES buffer, at pH 7.8, was added to the frozen red blood cells and left on ice for 20 min. Hemolysates from normoxic and anoxic turtles were centrifuged at 9,000 g for 10 min at 15°C to remove membranes and cellular debris and stored in aliquots at Ϫ80°C. Hb multiplicity in individual hemolysates from normoxic and anoxic turtles was analyzed by isoelectric focusing (IEF) at a pH range of 3-9 on thin polyacrylamide gels using a PhastSystem (GE Healthcare, Uppsala, Sweden). Relative content of HbA and HbD was obtained by densitometric analysis of IEF gels using ImageJ (http://rsb.info.nih.gov/nih-image/).
Hemoglobin purification. Separation of the hemolysate into HbA and HbD components and stripping of organic phosphates was achieved by FPLC-ion exchange chromatography using a HiTrap Q 5-ml column (GE Healthcare) equilibrated with 20 mM Tris·HCl, at pH 7.6, and eluted with a linear gradient of 0 -400 mM NaCl at a flow rate of 1 ml/min. Individual peaks containing HbA and HbD were collected and concentrated by ultrafiltration (2,800 g, 4°C) in Amicon 4-ml Ultra centrifugal tubes fitted with a 10-kDa cutoff filter (Millipore, Tullagreen, Ireland). Purity of separated Hbs was subsequently verified by IEF. Purified Hbs were then dialyzed against three changes of a 200-fold volume of 10 mM HEPES buffer pH 7.6 at 4°C to eliminate NaCl, concentrated to a final heme concentration of 1.3 mM, and stored in aliquots at Ϫ80°C. O 2 equilibria. Solutions of HbA and HbD were freshly prepared in 0.1 M HEPES at 0.2 mM heme in the absence and presence of 0.1 M KCl and 0.15 mM ATP (ATP/Hb 4ϭ3). O2 equilibria were then measured using a modified diffusion chamber connected to two serially coupled Wösthoff gas mixing pumps (Wösthoff, Bochum, Germany) to create humidified gas mixtures at varying O 2 tensions by mixing pure N2 (Ͼ99.998%) and atmospheric air, as previously described (51, 52) . Using 3-6-l samples, we monitored absorbance (A) at 436 nm after equilibration with pure N2 and pure O2 to obtain absorbance at zero (A0) and full O2 saturation (A100), respectively, and fractional saturations (S) were then obtained by stepwise equilibration with known PO2 values (Eq. 1):
O 2 equilibrium curves were generated from the fractional saturations as a function of PO2. The O2 tension and cooperativity coefficient at half saturation, P50 and n50, respectively, were calculated from the zero intercept and the slope, respectively, of linear regression (r 2 Ն 0.99) of Hill plots, log[S/(1Ϫ S)] vs. logPO2, based on Ն4 equilibrium saturation steps in the 20 -80% saturation range. The apparent heat of oxygenation (⌬Happ) was calculated from the van't Hoff equation:
where R is the gas constant and T is absolute temperature (Kelvin). The pH of Hb and hemolysate solutions used in the determination of O 2 equilibrium curves was measured at the same temperature of the experiment using a Mettler Toledo thermostatted pH/ion meter S220 (Schwerzenbach, Switzerland). The Bohr factor (ϭ⌬logP 50/⌬pH), equivalent to the additional number of protons bound per O2 molecule (i.e., the number of additional protons released upon oxygenation when the Bohr factor is negative) was calculated in the 6.9 -8.0 pH range, with logP 50 values at the exact pH values interpolated from the logP50 vs. pH plot. The apparent affinity constant of oxygenationlinked ATP binding to HbA and HbD (KATP) was measured at 0.2 mM heme in 0.1 M HEPES in the absence and presence of 0.1 M KCl at pH 6.9 and 20°C. By fitting a hyperbolic function to the data, the apparent affinity constant was calculated as the ATP concentration at which the increase in logP 50 was half the maximum (20) . From these data, the apparent O2-linked affinity constant for Cl Ϫ binding to the same ATP site of each Hb was estimated from the relationship (7):
To establish whether acclimation to anoxia had generated changes in red blood cell composition of organic phosphates, O 2 equilibria of individual hemolysates from normoxic and anoxic samples (unstripped, i.e., still containing endogenous ATP) were measured in 0.1 M HEPES, pH 7.5, at 1.0 mM heme concentration at 10 and 20°C. Calculations of P 50 and ⌬Happ were made as described for the purified Hb samples.
Sulhydryl reactivity. Cysteine reactivity was measured by monitoring the stoichiometric thiol-mediated conversion of 4-PDS (4,4=dithiodipyridine) into 4-TP (4-thiopyridone) (6) . A 5-molar excess 4-PDS over heme (ϳ6 -8 M) was added to purified HbA and HbD samples in 50 mM Tris buffer, pH 7.0 at 20°C. Concentration of 4-TP (equivalent to that of protein reacting thiols) was calculated using the extinction coefficient at 324 nm of 19.8 mM Ϫ1 /cm (13, 15) . Purified HbA and HbD had been treated with a 5-molar excess of DTT for 30 min at room temperature and desalted on a PD-10 column (GE Helathcare) before reaction with 4-PDS to eliminate possible S-S bonds.
Statistical analysis. Values are presented as means Ϯ SE. Effect of temperature and anoxia exposure on P 50 was tested using a 2-way ANOVA. The effect of anoxia exposure on the relative densities of HbA and HbD and on hemolysate ⌬H app was tested using a t-test. Comparisons were considered to be significant when P Յ 0.05.
Globin sequencing. Nucleotide sequences of the ␣ D -, ␣ A -, and ␤-globin genes were obtained by sequencing a total mRNA library generated from red blood cells of an adult T. scripta. Briefly, total RNA was isolated with TRIzol (Life Technologies, Carlsbad, CA), and mRNA libraries were constructed using the Illumina TruSeq RNA sample prep kit (Illumina, San Diego, CA) and were sequenced as 100-bp paired-end reads in an Illumina HiSeq. The resulting reads were assembled with Trinity (12) . We then used BLAST (2) to identify contigs containing ␣-globin and ␤-globin coding sequence, and the transcript identities were verified by comparison against available EST databases and the Chrysemys picta genome assembly (1) . Sequence alignments and comparisons were conducted using MEGA version 5 (44) . Reported amino acid sequences were based on conceptual translations of nucleotide sequences. All DNA sequences were deposited in GenBank under the accession nos. KF660537-KF660539.
RESULTS
O 2 equilibrium measurements of purified isoHbs showed that HbD exhibits a consistently higher O 2 affinity compared with HbA under all conditions tested (e.g., P 50 ϭ3.00 Ϯ 0.07 and 1.92 Ϯ 0.04 mmHg at pH 7.4 for stripped HbA and HbD, respectively) ( Table 1 , Fig. 1 ). Both isoHbs were highly cooperative (n 50 Ͼ 1.95; Fig. 1 ) and showed a normal Bohreffect, i.e., an increase in proton activity decreased Hb-O 2 affinity. Bohr factors in the pH range 6.9 -8.0 under physio-logical conditions (i.e., with ATP present) were similar in HbA and HbD ( ϭ Ϫ0.68 and Ϫ0.65, respectively; Table 1 ), whereas the Bohr effect was more pronounced in HbA than HbD in the absence of ATP at 20°C ( ϭ Ϫ0.34 and Ϫ0.03, respectively) ( Fig. 1 ). The addition of ATP markedly decreased O 2 affinity of both isoHbs across the full range of pH, whereas Cl Ϫ had less effect ( Fig. 1 ). HbD had a higher affinity for ATP than HbA, with estimated apparent binding constants of 14 M and 41 M for HbD and HbA, respectively (Fig. 2) . The apparent ATP binding constants increased (i.e., the ATP affinities decreased) in the presence of 0.1 M Cl Ϫ to 43 M and 87 M for HbD and HbA, respectively (Fig. 2) , indicating that these anions compete, at least in part, for binding at the same site. However, the finding that binding constants are in the micromolar range indicates that the affinity for ATP for both Hbs remains high, even in the presence of 0.1 M Cl Ϫ . From these values, the apparent affinity for Cl Ϫ binding to the same ATP site was roughly estimated as ϳ90 and ϳ50 mM, for HbA and HbD, respectively. In HbD, logP 50 at saturating concentrations of ATP increased by addition of Cl Ϫ (Fig. 2) , indicating an additional O 2 -linked Cl Ϫ binding to a different site. HbA and HbD exhibited similar and pronounced temperature sensitivities, with overall heats of oxygenation (⌬H app ) of Ϫ12.9 and Ϫ11.8 kcal/mol at pH 7.4 for stripped HbA and HbD, respectively (1 kcal ϭ 4.18 kJ).
When analyzing the composite hemolysate, we found no difference in Hb-O 2 affinity between hemolysates from anoxic and normoxic turtles (n ϭ 5) when measured at the same temperature (e.g., P 50 ϭ13.9 Ϯ 1.3 mmHg and 14.3 Ϯ 1.3 mmHg at 20°C, respectively; P ϭ 0.468, two-way ANOVA) ( Fig. 3) , but we found a significant effect of temperature on P 50 (P Ͻ 0.001, two-way ANOVA) ( Fig. 3) . Untreated hemolysates from normoxic and anoxic turtles showed large and similar (P ϭ 0.174, t-test) heats of oxygenation, with ⌬H app values at pH 7.5 of Ϫ11.2 Ϯ 0.8 and Ϫ7.4 Ϯ 0.6 kcal/mol, respectively. Furthermore, isoelectric focusing of hemolysates from normoxic and anoxic turtles showed similar HbA:HbD ratios (73:26 Ϯ 3.7 and 66:34 Ϯ 2.5, respectively), indicating no significant change in the relative expression of isoHbs during acclimatization to anoxia (P ϭ 0.226, t-test).
Sulhydryl reactivity measurements revealed a similar number of reactive Cys residues in HbA and in HbD (0.8 and 1.2 per heme, respectively). Given that the primary structure contained 3 Cys residues in the common ␤-chain (positions 23, 93, and 126), two Cys in the ␣ A chain (positions 5 and 104), and one Cys in the ␣ D chain (position 104) ( Fig. 4) , these data suggest that only a few of these Cys residues are able to react with 4-PDS. Sequencing of the adult-expressed globin mRNAs from T. scripta and comparisons with orthologous genes from other tetrapod vertebrates revealed clear homology with the turtle ␣ A -, ␣ D -, and ␤-globins ( Fig. 4) .
Sequence comparisons between T. scripta and the painted turtle (Chrysemys picta) yielded estimates of amino acid sequence divergence of 2.1, 0.7, and 4.1% for the ␣ A -, ␣ D -, and ␤-globins, respectively. Given the observed differences in O 2 affinity and ATP affinity between HbA and HbD, we examined amino acid sequence differences between the ␣ A -and ␣ Dglobin genes to gain insights into the structural basis of the Values are expressed as means Ϯ SE. HbA, hemoglobin isoform A; HbD, hemoglobin isoform D; P50, O2 affinity; n50, cooperativity coefficient; , Bohr factor. ϭ ⌬logP50/⌬pH, pH range 6.9 -8.0. observed functional differences. Amino acid sequence divergence between the ␣ A -and ␣ D -globins of T. scripta was 35%, corresponding to 50 amino acid replacements.
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DISCUSSION
Turtles express two major isoHbs (HbA and HbD) that differ in their O 2 , ATP, and Cl Ϫ affinities, but the two isoHbs exhibit similar responses to temperature and pH ( Fig. 1, Table 1 ) that are comparable to those of other vertebrate Hbs. Both isoforms show O 2 affinities within the range reported previously for stripped Hbs of Emydidae (P 50 ϭ 1.9 -10.7 mmHg at pH 8 and 20°C) (42) , and they appear to be similar to those of reptilian Hbs investigated so far (32) . The higher O 2 affinity of HbD relative to HbA is consistent with the reported functional differences between the same isoHbs in birds (5, 14) . A previous study (8) also suggested coexpression of isoHbs in isolated intact red blood cells of T. scripta.
In turtles and birds, HbA and HbD each consist of two ␣and two ␤-chains, where the ␤-chains are identical in the two tetramers and the ␣-chains are encoded by the two distinct ␣ Aand ␣ D -globin genes (14, 38) . Thus, the different functional properties of the two isoHbs must be attributable to amino acid substitutions between the two ␣-chains.
The O 2 affinities of both isoHbs are reduced by the binding of ATP and Cl Ϫ (Fig. 1) . The allosteric effect of both anionic cofactors is most pronounced at low pH, indicating cofactorinduced activation of the basic groups involved in proton binding. ATP had a much stronger inhibitory effect on Hb-O 2 affinity compared with Cl Ϫ (as apparent binding constants for the two anions differ by three orders of magnitude), indicating that ATP binding results in better stabilization of the lowaffinity T state. In contrast to bird Hbs, where HbA shows a stronger response to the allosteric cofactors ATP, IHP, and DPG (5, 14, 27, 47) , turtle HbD shows a higher affinity for ATP compared with HbA (Fig. 2) .
The ␣ A -globin gene and the embryonic ␣ E -globin gene originated via tandem duplication of a proto ␣-globin after the ancestral lineage of tetrapod vertebrates split from the lobefinned fishes Ͼ400 million years ago in the Devonian, and the ␣ D -globin gene originated subsequently via tandem duplication of the ancestral, single-copy ␣ E -globin gene prior to the diversification of tetrapods (18, 19) . Although the duplicative origins of the ␣ A -and ␣ D -globin genes vastly predate the divergence of extant sauropsid lineages, surprisingly consistent differences in the O 2 -binding properties of HbA and HbD have been maintained in birds and turtles (5, 14, 35, 53) . Interestingly, this consistent difference in O 2 affinity between the two isoHbs has persisted in spite of evolutionary changes in the relative sensitivity of HbA and HbD to different allosteric effectors.
The ATP binding site described in fish Hbs (31) consists of ␤2Glu for binding the NH 2 group of adenosine and of ␤1Val-NH 2 , ␤82Lys, and ␤143Arg for binding the three phosphate groups. Although ␤-globin of red-eared slider and other turtles contains His at ␤2 and Leu at ␤143 [ Fig. 4; (38) ], our data indicate that HbA and HbD have both retained a high responsiveness to ATP. Furthermore, the higher ATP affinity found in HbD compared with HbA is noteworthy, as amino acid residues responsible for ATP binding in the Hbs of other vertebrates are found in the shared ␤-chain. Because the two isoHbs only differ in their ␣-chains, the differential ATP-binding affinities suggest that amino acid substitutions in the ␣ A -and/or ␣ D -globin chains may indirectly perturb ATP binding site in the ␤-␤ interface, as found recently for the DPG sensitivity of deer mouse Hb (29) . Alternatively, the different ATP-binding affinities of HbA and HbD could be due to changes at possible ␣-chain ATP binding sites (14, 37, 43) .
Experiments with 4-PDS show that HbA and HbD have the same content of fast reactive cysteines (ϳ1 per heme), likely including ␤93Cys, which is highly conserved in mammals, birds, and reptiles (34), on the common ␤-chain. These reactive Hb thiols along with glutathione will then contribute to the high total thiol levels found previously in the red blood cells of this turtle species (25) . Hb thiols (including perhaps other Cys residues that are not sufficiently exposed to the surface to react with 4-PDS) may then take part in the overall antioxidant defenses against reactive oxygen species, which are generated after hypoxia and reoxygenation, thereby contributing to the ability of this turtle species to survive extreme hypoxia (34) . Fig. 3 . O2 affinity (P50, means Ϯ SE) of unstripped hemolysates (i.e., containing endogenous levels of organic phosphates) from normoxic (N; n ϭ 5) and anoxic (A; n ϭ 5) T. scripta specimens at 10°C and 20°C in 0.1 M HEPES buffer, pH 7.5, at 1 mM heme. Asterisk and NS denote significant (P Յ 0.05) and no significant difference, respectively, in P50 (two-way ANOVA). During winter, turtles face changing O 2 demands, which require acclimatization responses of the convective O 2 transport system from the lungs to the respiring tissues before turtles become anoxic. In addition, turtles submerged in aerated water at low temperatures appear able to sustain low levels of aerobic energy metabolism by extrapulmonary O 2 uptake (45) . In principle, a change in the relative expression of Hb isoforms with distinct functional properties could potentially provide a mechanism for regulating the O 2 affinity of blood. However, the HbA-to-HbD ratio was not affected by exposure to anoxia, as also found previously (28) .
The concentration of red blood cell ATP in the normoxic and anoxic turtles used in this study was 3.5 and 1.2 mM, respectively (F. B. Jensen, personal communication). These values for red blood cell ATP concentrations are in good agreement with those of 5.9 and 1.3 mM for summer and winter painted turtles, respectively, measured in a previous study (28) . As also proposed earlier (28) , this decrease in ATP concentration would be expected to increase the Hb-O 2 affinity. Turtle erythrocytes possess mitochondria, which permits potential regulation of blood O 2 transport by the energy state of the red blood cell (49) . However, our study shows that the O 2 affinities of hemolysates remained unchanged after anoxia when measured at the same pH and temperature ( Fig. 3) , revealing that the changes in red blood cell ATP content occurring during anoxia acclimation did not affect Hb oxygenation. This can be explained by the high affinity (with equilibrium dissociation constants in the micromolar range) of the O 2 -linked ATP binding site of both HbA and HbD, whereby even when erythrocytic ATP concentrations decreases down to ϳ1 mM, both Hbs would still be largely saturated with ATP ( Fig. 2) . For comparison, the apparent equilibrium dissociation constant for DPG in human Hb is ϳ0.45 mM (0.1 M NaCl, 37°C) (20) , i.e., ϳ5and 10-fold higher than the constants for ATP to turtle HbA and HbD, respectively. Together with a previous study (28) that also reported identical P 50 values (measured at the same temperature) of whole blood from summer and winter submerged painted turtles, our data indicate that changes in the ionic composition of red blood cells do not have significant effects on the Hb-O 2 affinity. This also implies that other potential allosteric cofactors of turtle Hb such as lactate and Ca 2ϩ that are known to massively increase during severe hypoxia and anoxia (23, 45) should have limited effects on the Hb-O 2 affinity, although this prediction remains to be confirmed. Furthermore, the effect of a blood pH decrease on the Hb-O 2 affinity is less pronounced in vivo for winter-acclimated turtles than for summer turtles, partly because of the rise in pH induced by low temperatures during winter acclimation (28) .
Conversely, the temperature drop during acclimation to anoxia in winter appears to be a major factor determining the position of the O 2 equilibrium curve in vivo ( Fig. 3) , with changes in logP 50 of ϳ0.025/°C similar to that of ϳ0.032 earlier found (28) . According to the exothermic nature of Hb-O 2 binding, a marked left shift of the O 2 -binding curve will occur during natural winter acclimation to hypoxia or even anoxia (10, 28) . Here, we found values for the heat of oxygenation (⌬H app ) of the purified Hbs (Ϫ12.9 and Ϫ11.8 kcal/mol for HbA and HbD, respectively) and of the untreated hemolysates (Ϫ11.2 and Ϫ7.4 kcal/mol for normoxic and anoxic hemolysates, respectively) that are remarkably similar to those of Ϫ12.4 and Ϫ12.5 kcal/mol reported earlier for blood from winter turtles and summer animals, respectively (28) , and that indicate a pronounced temperature sensitivity of turtle Hb oxygenation. The resulting higher Hb-O 2 affinity at lower acclimation temperatures would then function to counterbalance O 2 delivery to acidotic tissues, where O 2 consumption is progressively depressed. This effect would prevent a harmful mismatch between O 2 delivery and O 2 consumption. Interestingly, hibernation in bears that is a nonhypoxic metabolic depression is also associated with a left-shifted O 2 binding curve of the Hb, although the mechanism involves a combined decrease in temperature, as well as in the level of red blood cell organic phosphates (36) . Furthermore, the observation that the heat of oxygenation remains constant in either hemolysate (this study) or whole blood (28) , despite the large change in the red blood cell allosteric cofactor ATP, further supports the conclusion that in turtles Hb is fully saturated with ATP under normoxia as well as during anoxia.
Perspectives and Significance
This study shows that the main mechanism for regulating convective O 2 transport in turtles during the progressive winter acclimation to O 2 deprivation seems to be a temperaturedependent and ATP-independent increase in Hb-O 2 affinity along with extensive reduction of heart rate (16, 24, 30) and peripheral vasoconstriction (39) . Therefore, metabolic downregulation of red blood cell organic phosphate allosteric effectors found by us and others in turtles (28) and other hibernating (36, 50) or estivating (26) vertebrates appears to be a consequence of an as yet poorly understood general reorganization of metabolism, and it is not necessarily a cause of increased Hb-O 2 affinity. Perhaps most interestingly, results of functional experiments yielded two findings with important implications for structure-function relationships of vertebrate Hbs, particularly of turtles and birds that express distinct HbA and HbD isoforms. First, HbA and HbD both retained a high sensitivity to ATP in spite of ␤-chain substitutions that eliminate positively charged residues that are known phosphate-binding sites in the Hbs of other vertebrates. Second, differences in ATP sensitivity between HbA and HbD must be attributable to ␣-chain substitutions, even though the main phosphate-binding site of vertebrate Hb comprises multiple, positively charged ␤-chain residues. These findings suggest that future structural investigations of turtle Hbs may reveal novel molecular mechanisms of allosteric regulation.
